The influence of the number and size of the jet shear layers, at a constant total hole area, was investigated in a propane fuelled conical grid plate flame stabiliser. The combustion inefficiency, NOx, and flame stability were determined for shear layer designs with 90, 8 and 4 holes. The total shear layer volume increased as the number of holes was reduced and combustion within these larger shear layers was responsible for the superior flame stability and combustion efficiency, but higher NOx emissions. Large shear layers and hence a small number of holes were necessary to achieve an adeqeuate performance at a 400K inlet temperature, but at 600K the 90 hole system had the best combination of low NOx and combustion inefficiency. However, the 8 hole system had a performance close to the 90 hole system at 600K and better than it at 400K and was concluded to be the preferable design.
Introduction
Lean primary zone gas turbine combustion systems fuelled. This design, termed 'Grid Mix' showed excellent stability, high combustion efficiency and very low NOx. However, the individual shear layer fuel supply was complex and not easily adapted to liquid fuels. To overcome these problems a system was developed called 'Jet Mix' which involved a central fuel injector and an array of radial air holes which impinged into an equal number of axial jets giving rapid mixing. The performance of this was good on both propane and liquid fuels /6-8/, but its stability and NOx emissions were not as good as for the simple Grid Mix design. Swirl systems have also been investigated for their good stability characteristics. With central fuel injection they were found to have poor combustion efficiency, high NOx and no better stability than for the jet shear layer system /9,10/. However, by injecting the fuel at the wall it was found that centrifugal forces acting on the density differences enhanced the mixing and produced improved combustion and lower NOx /11,12/. Unfortunately, this was at the expense of a poor flame stability.
To overcome the stability problem and improve the liquid fuel performance, a system was developed The conventional primary zone jets were also used.
The authors have investigated the performance of a conical flame stabiliser in a very lean primary zone configuration and with the absence of any radial primary zone jets or wall cooling and the resultant design was termed 'Grid Conical'. Previous work using propane /13/ and liquid fuels /14/ showed that a wide stability was achieved and NOx emissions with kerosene were comparable to those with propane.
In the present work the influence of the shear layer array design was investigated using propane as the fuel. Previous work /5/ with the simple directly fuelled Grid Mix design showed that the number of shear layers used was important and that a small number was preferable to a larger number for the same hole area. These results indicated that the large number of shear layers used in the original Grid 
Flame Stabiliser Designs and Test Conditions

Grid Conical Flame Stabilisers
The 90 deg. conical grid plate flame stabiliser designs are shown schematically in Fig. 1 . The original design of the hole configuration of the conical head section was that used by Hakluytt and Tilston /15-16/. This was scaled for a 76mm combustor application retaining the same number of holes. The designs consisted on ten rows of nine holes with each of the nine holes increasing in area by approximately 20% with the smallest near the central fuel injector. Approximately 50% of the air passed through the outer two rows of holes, thus the effective number of holes that make a significant contribution to the For the 90 and 4 hole designs two blockages were investigated. These were for operation at different reference Mach numbers with the same pressure loss. 
Fuel Injector
The same fuel injector was used for all three Grid
Conical designs and is shown in 
Combustor Test Facility and Gas Analysis System
The conical flame stabiliser was located at the head of a 330mm long 76mm diameter uncooled combustor, instrumentated with an axial row of wall thermocouples and static pressure tappings. Mean gas samples were obtained at the combustor exit plane using a water cooled stainless steel 'X' probe with twenty sample holes on centres of equal area. The gas sample lines were electrically heated to 200 deg. C and passed through a heated sample pump and filter to a heater on line gas analysis system. The gas sample was analysed for UHC (Analysis Automation, FID), NOx (British Oxygen Co., chemiluminescence), Oxygen (Servomex, paramagnetic) C02 and CO (Analytical Development Corporation, NDIR).
Test Conditions
The tests were carried out at atmospheric pressure, with electrically preheated air at 400K and 600K to simulate low and high power operating conditons respectively. The Mach numbers, 0.047 and 0.030, in the 76mm diameter approach pipe were used as previously discussed. The pressure losses for each stabiliser were listed in Table 1 . The fuel was industrial propane, which was analysed by gas chromatography and the composition incorporated into the gas analysis computer programme for the calculation of air/fuel ratios, mean flame temperatures and combustion efficiencies. Propane simulated the behaviour of vaporised liquid hydrocarbon fuels and hence gave a close approximation to the performance with liquid fuels at high pressure. Pressure considerably reduces the spray drop size and decreases the vaporisation time so that liquid fuels are very rapidly vaporised compared to the situation at atmospheric pressure /18/.
Influence of the Number of Holes on the Shear Layer Volume and Length
It was the objective of the present work to promote fuel and air mixing and combustion within the shear layer at the edge of the flame stabiliser air jets. For a high flame stability and combustion efficiency at weak overall mixtures, locally rich zone burning within the shear layers results in stable efficient combustion outside the stability range of premixed combustion. The success of this process depends on the volume occupied by the shear layers, which is related to the number of holes used. There is a practical limit on the minimum number of holes, in that the shear layers have to end well before the combustor exit. This is the same as the initial jet recirculation zone, as measured by wall static pressure probes, being much less than the combustor length. To give a high combustion efficiency the main heat release also needs to occur within a relatively short distance of the flame stabiliser so that the burnt gas residence time is sufficient to burn out most of the CO and UHC.
Previous work with premixed combustion and flat grid plates /19,20/ showed that single holes in the 76mm combustor were compltely inadequate in terms of the combustion efficiency. This was due to the very long recirculation zone (70% of the combustor length) and hence long shear layers. It was found that multishear layers were required so that the shear layers merged by the end of the recirculation zone and a downstream region of near uniform velocity and high turbulence was created. Four jet shear layers was a minimum requirement for this in the 76mm combustor /20/. For this situation the shear layers extended approximately 30% of the 330mm combustor lengths.
To calculate the shear zone volume it was assumed that the length was the same as the potential core length and that in a jet array the shear layers merged at this point and hence the interjet recirculation zone between the shear layers was similar to the potential core length. This assumption involves the use of fairly closely spaced jets and this includes all practical grid plate type flame stabilisers for gas turbine applications. This assumption of the shear zone length leads to a dependence of the shear zone volume, Vs, on the hole diameter, D, and shear zone length, h, as in Eq. 1.
where η is the number of holes, and k = l/(2tan w) = 5.72 (for w = 5 deg.)
where w is the inner shear layer angle, typically 5 deg.
Equation 1 is valid for small values of w as the complete equation involves additional terms in tan w which are less than 1% for small w. The hole diameter in Eq. 1 is related to the number of holes used, n, for a fixed total hole area, A, by Eq. 2.
Hence, Vs may be shown to given by Eq. 3
Equation 3 shows that increasing the number of shear layers for the same total hole area reduces the total shear layer volume. The constant hole area assumption also produces the same flow pressure loss and hence total turbulent energy as the number of shear layers is varied. In the present work the change from 4 to 8 holes reduces the shear layer volume by a factor of 1.4. For the 90 hole geometry, the holes increased in size from the inner to the outer row. Most of the open area was concentrated in the outer four rows. This gives a lower total shear layer volume by a factor of approximately 3.2 compared with the 4 hole design and 2.2 compared with the 8 hole design. Associated with these changes in the shear zone volume is a related reduction in the shear zone length with increase in n, as shown by Eq. 4.
This square root dependence on the shear zone length has been confirmed by wall static pressure measurements.
Experimental Results and Discussion
Weak Extinction and Axial Wall Temperature Profiles
At a constant mean velocity and temperature the fuel was gradually reduced until visual observation, through a 140mm diameter air cooled window on the combustor centre line in the exhaust, showed that the flame had gone out. Photographs were also taken through this window and were used to determine whether the flame was stabilised in the shear layers. The weak extinction results are summarised in Table  II Comparison of the 90 holes (GC7) and 4 holes (GC14) at the 0.047 Mach number shows that the premixed weak extinction was slightly weaker with 4 holes. With direct propane injection the weak extinction was much weaker with four holes and was comparable with a conventional combustor stability (300/1 A/F at 600k). The 90 hole system with direct propane injection, had a weak extinction close to that of the premixed situation and the flame was stabilised at the end of the shear layers as found in previous work on premixed grid plate stabilised flames /19/. In the weak region for the four hole design, outside the stability range of the 90 hole design, the flame was observed to be stabilised in the shear layers in an intense blue region. Also, the wall temperature profiles indicated a hot initial flame tube wall temperature, especially for weak mixtures. This demonstrated that the main heat release was in the large shear layers inside the cone. These results indicated that it was flame movement within the four shear layers (GC14) that enhanced the stability and not flame movement between the rows of shear layers (GC7). The small size of the 90 hole shear layers appeared to prevent the shear layer burning that stabilised the 4 hole design in the weak region. The poor stability of the 90 hole design, may only apply to the present small scale multi-hole design. With larger combustors and the same number of holes the shear layer size will be larger and the stability may hence be much closer to the present four shear layer resuls. This is currently being investigated in a 140mm diameter can combustor.
The ratio of the premixed weak extinction to that with direct propane injection was used as a measure of the relative 'richness' of the flame stabilisation region in the shear layer. This involves the assumption that the shear layers have the same local equivalence ratio at weak extinction with propane injection as was found for premixed combustion with the flame stabilised at the same location and by the same mechanism. The ratios in Table II show that for the four holes GC14 stabiliser, part of the shear layer was approximately eight times richer than the mean equivalence ratio at both inlet temperatures. For mixtures much richer than the weak extinction, the shear layers were locally too rich to burn and the main combustion occurred downstream of the shear layers.
For the higher blockage 90 and 4 hole designs (GC5 and GC15) at the 0.03 Mach number, a similar stability mechanism occurred at 400K. The 90 hole design had a stability with direct propane only slightly better than the premixed situation, whereas the 4 hole design showed a stability improvement by a factor of 6. However, at 600K both the 90 and 4 hole designs stabilised in the shear layers with direct propane injection, although the four hole system was still superior. Fig. 2a shows for the four hole design (GC15) the movement of the peak wall temperature into the head region as the equivalence ratio was made leaner. This resulted from the upstream movement within the shear layers as the overall mixture was weakened, due to the approach towards locally stoichiometric shear layer conditions. For equivalence ratios richer than approximately 0.5 the peak heat release was downstream of the shear layers as shown in Fig. 2 . This was due to the locally very rich mixtures in the shear layers giving little shear layer combustion.
The difference in the stability mechanism for the 90 hole (GC5) design with the inlet temperature was due to the lower burning velocity at the lower inlet temperature. It is considered that the shear layer stability mechanism was one of local matching of the turbulent burning velocity with the shear layer velocity, as discussed for the premixed situation /19/. Thus at the lower Mach number, but higher pressure Axial temperature profiles along the combustor wall, and 90 hole designs at a 0.5 equivalence ratio.
loss and hence turbulence situation of GC5, a match between burning velocity and shear layer velocity was possible at 600K but not at the lower burning velocity 400K condition. Table II shows that the stability for the 8 hole design (GC16) was comparable but slightly inferior to that of the four hole design (GC15) at both inlet temperatures. Fig. 2b compares the wall temperature profiles for the 90 (GC5), 4 (GC15) and 8 hole (GC16) stabilisers at an equivalence ratio of approximately 0.5 and an inlet temperature of 600K. This shows that for the 90 hole system the flame stabilised upstream of the position for the 4 hole for direct injection, which was expected from the much shorter shear zone lengths. A similar occurrence was also found for the eight hole (GC16) design, where Fig. 2b shows the peak wall temperature was upstream of that for the four hole system (GC15) but downstream of that for the 90 hole design (GC5). This peak in the wall temperature corresponded with the end of the shear layer interaction, as determined from a water flow visualisation study and wall static pressure profiles.
Mean Combustor Emissions
The mean exhaust plane emissions and the combustion inefficiency computed from the CO and UHC a 4 hole design over a range of equivalence ratios and for 4, 8 emissions are shown as a function of equivalence ratio in Fig. 3 for 400K inlet temperature and Fig. 4 for 600K. The CO emissions and the corresponding inefficiency included all the measured CO and no correction for equilibrium CO was made. However, the equilibrium CO levels are presented for comparison. The results for the four hole (GC15) design with premixed combustion have been included as a comparison, to establish how close to the ideal mixing situation was achieved by direct propane injection. The four hole stabiliser (GC15) had the best premixed performance in terms of low CO and UHC emissions and the premixed NOx emissions were similar for GC5, 7 and 14. It also had the widest weak burning range of all the stabilisers for premixed combustion.
The 90 hole (GC7) and 4 hole (GC14) stabilisers were tested with direct propane injections at the 0.047 Mach number. The 90, 8 and 4 hole designs at the higher blockage (GC5, 16 and 15) were tested at a 0.030 Mach number, for which the stabilisers were designed to give a pressure loss of approximately 3%, as shown in Table I . The aim was to achieve the same pressure loss at the two Mach numbers, and hence to investigate the influence of an increase in the bulk residence time at a constant flame stabiliser pressure loss and turbulence level. However, Table I shows that this was not exactly achieved and this was due to discharge coefficient differences between the designs The premixed to direct propane weak extinction ratios in Table II For the four hole design at 400K Fig. 3 shows that there was a significant reduction in the combustion inefficiency at the lower Mach number (GC15) due mainly to the lower CO emissions resulting from the higher burnt gas residence time. At 600K Fig. 4 shows that the same result was found but with significantly lower UHC as well as CO at the lower Mach number. The shear layer mixing was similar at the two Mach numbers due to the similar pressure loss which also gave similar jet velocities. Differences in the velocities between the jet and the combustor mean velocity at the two Mach numbers resulted in some differences in shear layer residence time.
Influence of Mach number or bulk residence time
However, it is considered that it was the increase in the post shear layer burnt gas residence time at the lower Mach number that was mainly responsible for the decreased combustion inefficiency. 
Comparison of the four and eight shear layer designs, GC15 and GC16, at a 0.030 Mach number
The eight shear layer (GC16) design showed a slightly higher combustion inefficiency than the four hole (GC15) design for mixtures weaker than approximatley 0.5, but a lower inefficiency for richer mixtures. This occurred at both inlet temperatures and was mainly due to the CO emissions, as shown in humidity. This method of presenting the NOx emissions is used in industrial gas turbine emissions regulations. Present regulations of 75 ppm convert to 19-24 ppm at 1 bar for combustor pressures of 15-10 bar using a square root pressure dependence of NOx. The major reduction in NOx emissions for eight shear layers compared with four is clearly illustrated in Fig.  5 . At both inlet temperatures this design can meet the current NOx regulations. However, lower NOx at 600K can be achieved by the 90 hole GC5 design at a 0.030 Mach number. Unfortunately, this could not meet the low temperature stability requirements for low power operation, although this could change under pressure operating conditions.
Correlation of the combustion inefficiency with NOx
The minimum NOx emissions compatible with a low combustion inefficiency are summarised in Table  III , where a comparison is also made with the previous work with the four hole flat grid plate stabilisers (Grid Mix) with direct individual shear layer fuelling /4,5/. This shows that the 90 hole GC5 design at the 0.03 Mach number has the best combination of low NOx and high combustion efficiency. However, it also shows that the performance of the eight hole GC16 design comes quite close to that of the 90 hole GC5. An additional advantage of this 8 hole design relative to the 90 hole design was the richer optimum equivalence ratio at which the low NOx emissions were achieved. This gave a much wider stability margin than for the 90 hole design. The cause of the increase in NOx corrected to 15% oxygen for the 8 hole GC16 design at weaker mixtures relative to that of the 90 hole design, evident in Fig. 5 , was the more extensive shear layer rich zone burning at weaker mixtures which gave rise to the higher NOx.
Table III also shows that the simple flat grid plate four hole Grid Mix designs /4,5/ had much lower NOx characteristics than the comparable GC14 four hole design. The combustion inefficiencies and stabilities of the two designs were similar. The possible causes of the higher NOx emissions were the poorer fuel and air mixing with the central fuel injector and the larger outer recirculation zone due to the 90 deg. cone angle and the impingement of the jets on the centreline. The authors are investigating a flat grid plate design with the present central fuel injector to establish which of these two factors was the main cause of the higher NOx and the initial results indicate that the outer recirculation zones may be more important. The use of the central fuel injector has many advantages due to the inherent simplicity compared with the complexity of individual fuel feeds to each shear layer. The authors have also investigated the present designs on liquid fuels and shown that performances comparale with the propane results can be achieved /14-/ and that the four hole system is much superior to the 90 hole using liquid fuels, particularly at 400K.
Conclusions
5.1
Previous work with a 90 hole Grid Conical flame stabiliser was shown to have a much improved weak extinction and combustion efficiency when the number of holes was reduced to four at a reference Mach number of 0.047 and pressure loss of 4.5%, for both 400K and 600K inlet temperatures. The improvement in performance was due to shear layer burning of locally rich mixtures for the four hole design which also increased the NOx emissions relative to those for 90 holes.
5.2
At a 0.030 Mach number and a pressure loss of 3% the 90 hole design was stabilised in the shear layers at 600K with a much improved weak extinction and combustion efficiency. However, at 400K the performance was poor and no shear layer burning occurred. With four holes, shear layer burning occurred at both inlet temperatures with a superior efficiency. The NOx emissions with the large shear layers for four holes, were much higher than for the 90 hole system.
5.3
An increase in the number of jet shear layers from four to eight gave a significant reduction in the NOx emissions with very little change in the weak extinction and combustion efficiency at both inlet temperatures. It was concluded that this NOx improvement was due to improved mixing in the shear layers coupled with reductions in the inter jet recirculation zone sizes.
